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Abstract 

E3 ubiquitin ligases that direct substrate proteins to the ubiquitin-proteasome system are promising, though 
largely unexplored drug targets both because of their function and their remarkable specificity. CRLs [Cullin- 
RING (really interesting new gene) ligases] are the largest group of E3 ligases and function as modular 
multisubunit complexes constructed around a Cullin-family scaffold protein. The Cul3-based CRLs uniquely 
assemble with BTB (broad complex/tramtrack/bric-a-brac) proteins that also homodimerize and perform 
the role of both the Cullin adapter and the substrate-recognition component of the E3. The most prominent 
member is the BTB-BACK (BTB and C-terminal Kelch)-Kelch protein KEAP1 (Kelch-like ECH-associated protein 
1 ), a master regulator of the oxidative stress response and a potential drug target for common conditions such 
as diabetes, Alzheimer's disease and Parkinson's disease. Structural characterization of BTB-Cul3 complexes 
has revealed a number of critical assembly mechanisms, including the binding of an N-terminal Cullin 
extension to a bihelical '3-box' at the C-terminus of the BTB domain. Improved understanding of the 
structure of these complexes should contribute significantly to the effort to develop novel therapeutics 
targeted to CRL3-regulated pathways. 



Cullin-RING ligases 

Specific patterns of mono- or poly-ubiquitylation are used 
by the cell to control protein function or stability. These 
common post-translational modifications involve a three- 
enzyme cascade that directs the covalent linkage of the small 
protein ubiquitin on to a target protein lysine residue. An 
El ubiquitin-activating enzyme uses ATP to activate the 
ubiquitin for linkage to an E2 ubiquitin-conjugating enzyme. 
The E2-ubiquitin associates with an E3 ubiquitin ligase, 
which immobilizes and orients a specific substrate ready for 
ubiquitin conjugation [1]. E3 ligases are best known for their 
recruitment of substrates for degradation by the ubiquitin- 
proteasome system. They possess extraordinary specificity 
for a vast array of substrates and, as such, are considered 
promising, if challenging, targets for drug discovery [2]. 
E3 ligases may be divided into two major classes, HECT 
(homologous with E6-associated protein C-terminus) or 
RING (really interesting new gene) type, depending on 
whether they contain a HECT or a RING domain [3]. 
Ubiquitylation by HECT class E3s proceeds via an E3- 
ubiquitin intermediate, whereas RING class E3s conjugate 
ubiquitin directly to the substrate. 
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The multisubunit CRLs (Cullin-RING ligases) represent 
the largest class of E3 ligase. CRLs are constructed around 
a Cullin family protein (Cull-Cul5 or Cul7) that forms an 
extended scaffold for protein interaction [4]. Specific sub- 
strate receptor proteins assemble with the Cullin N-terminal 
domain, typically via an adapter protein, whereas the globular 
C-terminal domain binds a RING box protein (Rbxl or 
Rbx2). The RING domain recruits the activated E2-ubiquitin 
conjugate in advance of ubiquitin transfer. Structural data 
have been invaluable in detailing many aspects of CRL 
function. The structure of the Cull -based SCF (Skpl-Cull- 
F-box) complex defined the prototypical CRL architecture 
[5]. In this example, Skpl serves as the adapter protein and 
Skp2 as the F-box-containing substrate receptor. Crystal 
structures have also defined how Cullin NEDDylation 
enhances the association of the E2-ubiquitin and substrate [6] 
and how this ubiquitylation is inhibited by CAND1 (Cullin- 
associated and NEDDylation-dissociated 1) [7]. 



Cullin-3-based CRLs employ BTB domain 
proteins as substrate-specific adapters 

Cullin-3-based CRLs recruit BTB (broad complex/ 
tramtrack/bric-a-brac) domain proteins as their substrate- 
specific adapters. The BTB domain, or POZ (pox virus 
and zinc finger) domain is a protein-protein interaction 
domain that was first characterized by the crystal structure 
of the PLZF (promyelocytic leukaemia zinc finger protein) 
[8] and shares a conserved fold with both Skpl and the 
Cul2/5 adapter Elongin C. Unusually, BTB proteins also 
contain an additional protein-protein interaction domain, 
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Figure 1 1 Regulation of Nrf2 

Under basal conditions, Nrf2 is polyubiquitylated by the KEAP1-Cul3 E3 ligase and subsequently degraded by the proteasome. 
Under conditions of oxidative stress, the KEAP1-Nrf2 interaction is destabilized. Nrf2 accumulates and binds to AREs, promoting 
transcription of cellular defence genes. Ub, ubiquitin. 




such as a MATH [meprin and TRAF (tumour-necrosis - 
factor-receptor-associated factor) homology], ZnF (zinc 
finger) or Kelch domain, to function as both the adapter 
and substrate receptor module [9]. Furthermore, the BTB 
domain typically folds as a homodimer, leading to CRL 
dimerization. 

The KLHL (Kelch-like) family of proteins represent 
the largest group of BTB -containing substrate receptors. 
These are characterized by an N-terminal BTB domain, a C- 
terminal Kelch domain and an intervening BACK (BTB and 
C-terminal Kelch) domain [9]. There are over 40 members of 
the KLHL family, each representing a unique CRL substrate 
receptor. KLHL complexes have been shown to ubiquitylate 
a number of mitotic protein kinases. KLHL9/13 and 
KLHL21 non-redundantly ubiquitylate Aurora B [10,11], 
whereas KLHL18 and KLHL22 target Aurora A [12] and 
PLK1 (Polo-like kinase 1) [13] respectively. KLHL function 
is also linked to several human cancers. KLHL20 degrades 
PML (promyelocytic leukaemia protein) and advances 
prostate cancer progression [14]. Mutations in KLHL37 are 
associated with brain tumours [15], whereas mutations in 
KLHL6 are linked to chronic lymphocytic leukaemia [16]. 
In addition, KLHL 12 regulates Wnt signalling by inducing 
the degradation of dishevelled [17] and also ubiquitylates the 
COPII (coatomer protein II) component SEC31 [18] as well 
as the dopamine D 4 receptor [19]. 

KLHL proteins have also been implicated in other 
human diseases. KLHL3 ubiquitylates WNK (with-no- 
lysine) kinases to regulate ion transport and is mutated in 
Gordon's hypertension syndrome [20-22]. Mutations are also 
identified in KLHL7 in retinitis pigmentosa [23], KLHL9 in 
distal myopathy [24], gigaxonin (KLHL 16) in giant axonal 
neuropathy [25] and KLHL40 in nemaline myopathy [26]. 

The best characterized Kelch-like family member 
is KEAP1 (Kelch-like ECH-associated protein 1) (KLHL19). 
KEAP1 regulates the oxidative stress response by controlling 
the levels of the transcription factor Nrf2 (nuclear factor 



erythroid 2-related factor 2). Under normal conditions, 
KEAP1 targets Nrf2 for proteasomal degradation [27,28]. 
Upon cellular stress, KEAP1 oxidation allows Nrf2 release 
and the subsequent activation of cellular defence genes 
carrying an ARE (antioxidant-response element) in their 
promoter [29] (Figure 1). 

Structure of the CRL3s 

The typically dimeric BTB domain mediates assembly with 
two Cul3 subunits leading to a dimeric CRL3 complex. 
Structural studies on the MATH-BTB protein SPOP 
(speckle-type POZ protein) identified a further two-helix 
extension of the BTB C-terminus that was critical for high- 
affinity Cul3 interaction. Since this motif has a role analogous 
to that of the F-box and SOCS (suppressor of cytokine 
signalling) box of other Cullin adaptors, it was termed the '3- 
box' and appears to be conserved in all BTB adaptor proteins 
[30]. Subsequent structural characterization of the KLHL 
family revealed that the 3-box comprises the first two helices 
of the exclusively helical BACK domain [31,32]. In KEAP1, 
the connected Kelch domain forms the substrate-binding 
surface for Nrf2. The Kelch domain is characterized by six 
Kelch repeat motifs, which form the 'blades' of a variable 
ft -propeller domain. 

The Cul3 N-terminal domain forms an extended stalk- 
like structure consisting of three Cullin repeats. In the first 
repeat, helices 2 and 5 bind the BTB domain similarly to 
the assemblies of Cull and Cul5 with Skpl and Elongin C 
respectively [3 1 ,32] . A further nine residues at the N-terminus 
of Cul3 were found to be critical for high-affinity Cul3 
assembly and were located in the KLHL11-Cul3 structure 
in a hydrophobic groove formed by the 3-box [31]. The 
crystal structure of the C-terminal domain of Cul3 is yet 
to be determined. 

The dimeric assembly of the KEAP1 CRL3 complex is 
essential for the regulation of Nrf2, which contains two 
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Figure 2 | Model of the KEAP1 CRL3 structure and potential sites for small-molecule inhibitors 

The KEAP1-Nrf2 crystal structure (PDB code 2FLU) [45] is shown alongside an early inhibitor of this interaction [46]. The 
BTB-BACK domains of KEAP1 are modelled from the structure of KLHL11 (PDB code 3I3N) [31], highlighting the cysteine 
residues known to be covalently modified by the small molecule displayed [39]. The 3-box groove is also modelled from 
the KLHL11-Cul3 structure (PDB code 4AP2) [31] showing the Cul3 interface as a potentially druggable site. 




degrons, a high-affinity [ETGE (Glu-Thr-Gly-Glu)] motif 
and a low-affinity [DTG (Asp-Thr-Gly)] motif, separated 
by a central ly sine-rich a -helix [33-36]. Crystal structure 
and EM reconstruction data indicate that the dimeric CRL3 
complex would assemble such that the two substrate-binding 
Kelch domains are separated by 80-95 A (1 A = 0.1 nm), 
an appropriate distance to engage both degrons either side 
of the central helix [31,34]. This supports the posited 'two- 
site binding' mechanism of the KEAP1-Nrf2 interaction 
and would potentially leave the central helix exposed to 
ubiquitylation by two activated E2 enzymes [31] (Figure 2). 
Geometric comparisons between the Cul3 complexes of 
KLHL3, KLHL1 1 and SPOP suggest that the precise spacing 
between the E2s and the bound substrate may vary in each 
complex [37]. Additionally, SPOP CRL3 complexes have 
been shown to form higher-order oligomers that enhance the 
ubiquitylation activity of the E3 [32]. 

CRL3s as drug targets 

The ubiquitin system is widely considered to contain a raft of 
potential new drug targets. Although a challenging prospect, 



there are early examples of success, such as the proteasome 
inhibitor bortezomib, now marketed as Velcade® for the 
treatment of multiple myeloma, and several E3 ligase inhibit- 
ors have entered clinical trials, including inhibitors of Mdm2 
(murine double minute 2) [2]. KEAP1 is a notable target 
of interest, as induction of Nrf2 and the antioxidant/anti- 
toxification response would make an potentially attractive 
therapeutic strategy in neurodegenerative, cardiovascular, 
metabolic and inflammatory diseases [38]. The most advanced 
small molecules covalently modify the reactive cysteine 
residues within KEAP1 to destabilize its interactions with 
Cul3 and Nrf2 [39,40] (Figure 2). However, the Phase III 
clinical trial of bardoxolone methyl was recently abandoned, 
indicating that this therapeutic strategy is non-trivial [38]. 

Next-generation small-molecule inhibitors are now being 
developed to target the Kelch domain of KEAP1 [41-43]. 
These inhibitors occupy the binding pocket to block directly 
the interaction with Nrf2 (Figure 2). Ubiquitylation is 
thereby blocked, allowing cellular Nrf2 levels to accumulate. 
As proof-of-concept, peptide inhibitors targeted to the same 
interface have achieved high potency [44]. A further strategy 
yet to be explored is to target the KEAP1 -binding interface 
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with Cul3. For example, molecules could be designed to block 
the hydrophobic groove of the 3-box, a region known to be 
important for high-affinity Cul3 interaction [31] (Figure 2). 
Another possibility is the targeting of the E2-E3 interaction, 
although a weak binding affinity makes structural study of 
this interface challenging [2]. 

The identification of druggable sites has been a major 
bottleneck for drug discovery in the ubiquitin-proteasome 
system where many protein-protein interfaces are large and 
flat. By understanding the structural biology of the CRL3s 
(and other E3 ligases), it is hoped that possible novel sites and 
modes of action may be discovered. Additionally, lessons 
from the KEAP1 pathway may be applied to other Cul3 
substrate adapters as our understanding of their functional 
targets and disease links deepens. 



Funding 

The Structural Genomics Consortium is a registered charity (number 
1097737) that receives funds from AbbVie, Boehringer Ingelheim, 
the Canada Foundation for Innovation, the Canadian Institutes for 
Health Research, Genome Canada, GlaxoSmithKline, Janssen, Lilly 
Canada, the Novartis Research Foundation, the Ontario Ministry 
of Economic Development and Innovation, Pfizer, Takeda, and the 
Wellcome Trust [grant number 092809/Z/10/Z]. 



References 

1 Ciechanover, A. and Schwartz, A.L. (1998) The ubiquitin-proteasome 
pathway: the complexity and myriad functions of proteins death. Proc. 
Natl. Acad. Sci. U.S.A. 95, 2727-2730 

2 Cohen, P. and Tcherpakov, M. (2010) Will the ubiquitin system furnish as 
many drug targets as protein kinases? Cell 143, 686-693 

3 Pickart, CM. (2001) Mechanisms underlying ubiquitination. Annu. Rev. 
Biochem. 70, 503-533 

4 Petroski, M.D. and Deshaies, R.J. (2005) Function and regulation of 
Cullin-RING ubiquitin ligases. Nat. Rev. Mol. Cell Biol. 6, 9-20 

5 Zheng, N., Schulman, B.A., Song, L, Miller, J.J., Jeffrey, P.D., Wang, P., 
Chu, C, Koepp, D.M., Elledge, S.J., Pagano, M. et al. (2002) Structure of 
the Cul1-Rbx1-Skp1-F box skp2 SCF ubiquitin ligase complex. Nature 416, 
703-709 

6 Duda, D.M., Borg, L.A., Scott, D.C., Hunt, H.W., Hammel, M. and Schulman, 
B.A. (2008) Structural insights into NEDD8 activation of cullin-RING 
ligases: conformational control of conjugation. Cell 134, 995-1006 

7 Goldenberg, S.J., Cascio, T.C., Shumway, S.D., Garbutt, K.C., Liu, J., Xiong, 
Y. and Zheng, N. (2004) Structure of the Cand1-Cul1-Roc1 complex 
reveals regulatory mechanisms for the assembly of the multisubunit 
cullin-dependent ubiquitin ligases. Cell 119, 517-528 

8 Ahmad, K.F., Engel, C.K. and Prive, G.G. (1998) Crystal structure of the 
BTB domain from PLZF. Proc. Natl. Acad. Sci. U.S.A. 95, 12123-12128 

9 Stogios, P.J., Downs, G.S., Jauhal, J.J., Nandra, S.K. and Prive, G.G. (2005) 
Sequence and structural analysis of BTB domain proteins. Genome Biol. 
6, R82 

10 Sumara, I., Quadroni, M., Frei, C, Olma, M.H., Sumara, G., Ricci, R. and 
Peter, M. (2007) A Cul3-based E3 ligase removes Aurora B from mitotic 
chromosomes, regulating mitotic progression and completion of 
cytokinesis in human cells. Dev. Cell 12, 887-900 

11 Maerki, S., Olma, M.H., Staubli, T., Steigemann, P., Gerlich, D.W., 
Quadroni, M., Sumara, I. and Peter, M. (2009) The Cul3-KLHL21 E3 
ubiquitin ligase targets Aurora B to midzone microtubules in anaphase 
and is required for cytokinesis. J. Cell Biol. 187, 791-800 

12 Moghe, S., Jiang, F., Miura, Y., Cerny, R.L., Tsai, M.Y. and Furukawa, M. 
(2012) The CUL3-KLHL18 ligase regulates mitotic entry and ubiquitylates 
Aurora-A. Biol. Open 1, 82-91 

13 Beck, J. and Peter, M. (2013) Regulating PLK1 dynamics by 
Cullin3/KLHL22-mediated ubiquitylation. Cell Cycle 12, 2528-2529 



14 Yuan, W.-C, Lee, Y.-R., Huang, S.-F., Lin, Y.-M., Chen, T.-Y., Chung, H.-C, 
Tsai, C.-H., Chen, H.-Y., Chiang, C.-L, Lai, C.-K. et al. (2011) A 
Cullin3-KLHL20 ubiquitin ligase-dependent pathway targets PML to 
potentiate HIF-1 signaling and prostate cancer progression. Cancer Cell 
20,214-228 

15 Liang, X.Q., Avraham, H.K., Jiang, S. and Avraham, S. (2004) Genetic 
alterations of the NRP/B gene are associated with human brain tumors. 
Oncogene 23, 5890-5900 

16 Puente, X.S., Pinyol, M., Quesada, V., Conde, L., Ordonez, G.R., Villamor, 
N., Escaramis, G., Jares, P., Bea, S., Gonzalez-Diaz, M. et al. (2011) 
Whole-genome sequencing identifies recurrent mutations in chronic 
lymphocytic leukaemia. Nature 475, 101-105 

17 Angers, S., Thorpe, C.J., Biechele, T.L., Goldenberg, S.J., Zheng, N., 
MacCoss, M.J. and Moon, R.T. (2006) The KLHL12-Cullin-3 ubiquitin ligase 
negatively regulates the Wnt-/3-catenin pathway by targeting 
Dishevelled for degradation. Nat. Cell Biol. 8, 348-357 

18 Jin, L, Pahuja, K.B., Wickliffe, K.E., Gorur, A., Baumgartel, C, Schekman, 
R. and Rape, M. (2012) Ubiquitin-dependent regulation of COPII coat size 
and function. Nature 482, 495-500 

19 Rondou, P., Haegeman, G., Vanhoenacker, P. and Van Craenenbroeck, K. 
(2008) BTB protein KLHL12 targets the dopamine D 4 receptor for 
ubiquitination by a Cul3-based E3 ligase. J. Biol. Chem. 283, 
11083-11096 

20 Shibata, S., Zhang, J., Puthumana, J., Stone, K.L. and Lifton, R.P. (2013) 
Kelch-like 3 and Cullin 3 regulate electrolyte homeostasis via 
ubiquitination and degradation of WNK4. Proc. Natl. Acad. Sci. U.S.A. 
110,7838-7843 

21 Ohta, A., Schumacher, F.R., Mehellou, Y., Johnson, C, Knebel, A., 
Macartney, T.J., Wood, N.T., Alessi, D.R. and Kurz, T. (2013) The 
CUL3-KLHL3 E3 ligase complex mutated in Gordon's hypertension 
syndrome interacts with and ubiquitylates WNK isoforms: 
disease-causing mutations in KLHL3 and WNK4 disrupt interaction. 
Biochem. J. 451, 111-122 

22 Wakabayashi, M., Mori, T., Isobe, K., Sohara, E., Susa, K., Araki, Y., Chiga, 
M., Kikuchi, E., Nomura, N., Mori, Y. et al. (2013) Impaired 
KLHL3-mediated ubiquitination of WNK4 causes human hypertension. 
Cell Rep. 3, 858-868 

23 Kigoshi, Y., Tsuruta, F. and Chiba, T. (2011) Ubiquitin ligase activity of 
Cul3-KLHL7 protein is attenuated by autosomal dominant retinitis 
pigmentosa causative mutation. J. Biol. Chem. 286, 33613-33621 

24 Cirak, S., von Deimling, F., Sachdev, S., Errington, W.J., Herrmann, R., 
Bonnemann, C, Brockmann, K., Hinderlich, S., Lindner, T.H., Steinbrecher, 
A. et al. (2010) Kelch-like homologue 9 mutation is associated with an 
early onset autosomal dominant distal myopathy. Brain 133, 2123-2135 

25 Bomont, P., Cavalier, L., Blondeau, F., Ben Hamida, C, Belal, S., Tazir, M., 
Demir, E., Topaloglu, H., Korinthenberg, R., Tuysuz, B. et al. (2000) The 
gene encoding gigaxonin, a new member of the cytoskeletal BTB/Kelch 
repeat family, is mutated in giant axonal neuropathy. Nat. Genet. 26, 
370-374 

26 Ravenscroft, G., Miyatake, S., Lehtokari, V.L., Todd, E.J., Vornanen, P., Yau, 
K.S., Hayashi, Y.K., Miyake, N., Tsurusaki, Y., Doi, H. et al. (2013) 
Mutations in KLHL40 are a frequent cause of severe autosomal-recessive 
nemaline myopathy. Am. J. Hum. Genet. 93, 6-18 

27 Kobayashi, A., Kang, M.I., Okawa, H., Ohtsuji, M., Zenke, Y., Chiba, T., 
Igarashi, K. and Yamamoto, M. (2004) Oxidative stress sensor Keapl 
functions as an adaptor for Cul3-based E3 ligase to regulate proteasomal 
degradation of Nrf2. Mol. Cell. Biol. 24, 7130-7139 

28 Furukawa, M. and Xiong, Y. (2005) BTB protein Keapl targets antioxidant 
transcription factor Nrf2 for ubiquitination by the Cullin 3-Rod ligase. 
Mol. Cell. Biol. 25, 162-171 

29 McMahon, M., Itoh, K., Yamamoto, M. and Hayes, J. D. (2003) 
Keapl-dependent proteasomal degradation of transcription factor Nrf2 
contributes to the negative regulation of antioxidant response 
element-driven gene expression. J. Biol. Chem. 278, 21592-21600 

30 Zhuang, M., Calabrese, M.F., Liu, J., Waddell, M.B., Nourse, A., Hammel, 
M., Miller, D.J., Walden, H., Duda, D.M., Seyedin, S.N. et al. (2009) 
Structures of SPOP-substrate complexes: insights into molecular 
architectures of BTB-Cul3 ubiquitin ligases. Mol. Cell 36, 39-50 

31 Canning, P., Cooper, CD., Krojer, T., Murray, J.W., Pike, A.C., Chaikuad, A., 
Keates, T., Thangaratnarajah, C, Hojzan, V., Marsden, B.D. et al. (2013) 
Structural basis for Cul3 protein assembly with the BTB-Kelch family of 
E3 ubiquitin ligases. J. Biol. Chem. 288, 7803-7814 

32 Errington, W.J., Khan, M.Q., Bueler, S.A., Rubinstein, J. L, Chakrabartty, A. 
and Prive, G.G. (2012) Adaptor protein self-assembly drives the control 
of a Cullin-RING ubiquitin ligase. Structure 20, 1141-1153 



©201 3 The Author(s) 

The author(s) has paid for this article to be freely available under the terms of the Creative Commons Attribution Licence (CC-BY) (http://creativecommons.Org/licenses/by/3.0/) 
which permits unrestricted use, distribution and reproduction in any medium, provided the original work is properly cited. 



Signalling 2013: from Structure to Function 



107 



33 McMahon, M., Thomas, N., Itoh, K., Yamamoto, M. and Hayes, J. D. 
(2006) Dimerization of substrate adaptors can facilitate cullin-mediated 
ubiquitylation of proteins by a "tethering" mechanism: a two-site 
interaction model for the Nrf2-Keap1 complex. J. Biol. Chem. 281, 
24756-24768 

34 Ogura, T., Tong, K.I., Mio, K., Maruyama, Y., Kurokawa, H., Sato, C. and 
Yamamoto, M. (2010) Keapl is a forked-stem dimer structure with two 
large spheres enclosing the intervening, double glycine repeat, and 
C-terminal domains. Proc. Natl. Acad. Sci. U.S.A. 107, 2842-2847 

35 Tong, K.I., Padmanabhan, B., Kobayashi, A., Shang, C, Hirotsu, Y., 
Yokoyama, S. and Yamamoto, M. (2007) Different electrostatic 
potentials define ETGE and DLG motifs as hinge and latch in oxidative 
stress response. Mo I. Cell. Biol. 27, 7511-7521 

36 Tong, K.I., Katoh, Y., Kusunoki, H., Itoh, K., Tanaka, T. and Yamamoto, M. 
(2006) Keapl recruits Neh2 through binding to ETGE and DLG motifs: 
characterization of the two-site molecular recognition model. Mol. Cell. 
Biol. 26, 2887-2900 

37 Ji, A.X. and Prive, G.G. (2013) Crystal structure of KLHL3 in complex with 
Cullin3. PLoS ONE 8, e60445 

38 Suzuki, T., Motohashi, H. and Yamamoto, M. (2013) Toward clinical 
application of the Keap1-Nrf2 pathway. Trends Pharmacol. Sci. 34, 
340-346 

39 Hur, W., Sun, 7., Jiang, T., Mason, D.E., Peters, EX., 7hang, D.D., Luesch, 
H., Schultz, P.G. and Gray, N.S. (2010) A small-molecule inducer of the 
antioxidant response element. Chem. Biol. 17, 537-547 

40 Sekhar, K.R., Rachakonda, G. and Freeman, M.L. (2010) Cysteine-based 
regulation of the CUL3 adaptor protein Keapl. Toxicol. Appl. Pharmacol. 
244, 21-26 



41 Hu, L., Magesh, S., Chen, L., Wang, L, Lewis, T.A., Chen, Y., Khodier, C, 
Inoyama, D., Beamer, L.J., Emge, T.J. et al. (2013) Discovery of a 
small-molecule inhibitor and cellular probe of Keap1-Nrf2 
protein-protein interaction. Bioorg. Med. Chem. Lett. 23, 3039-3043 

42 Magesh, S., Chen, Y. and Hu, L. (2012) Small molecule modulators of 
Keap1-Nrf2-ARE pathway as potential preventive and therapeutic 
agents. Med. Res. Rev. 32, 687-726 

43 Marcotte, D., 7eng, W., Hus, J.-C, McKenzie, A., Hession, C, Jin, P., 
Bergeron, C, Lugovskoy, A., Enyedy, I., Cuervo, H. et al. (2013) Small 
molecules inhibit the interaction of Nrf2 and the Keapl Kelch domain 
through a non-covalent mechanism. Bioorg. Med. Chem. 21, 
4011-4019 

44 Hancock, R., Schaap, M., Pfister, H. and Wells, G. (2013) Peptide 
inhibitors of the Keap1-Nrf2 protein-protein interaction with improved 
binding and cellular activity. Org. Biomol. Chem. 11, 3553-3557 

45 Lo, S.C., Li, X., Henzl, M.T., Beamer, L.J. and Hannink, M. (2006) Structure 
of the Keap1:Nrf2 interface provides mechanistic insight into Nrf2 
signaling. EMBOJ. 25, 3605-3617 

46 Hu, L, Magesh, S., Chen, L, Wang, L, Lewis, T.A., Chen, Y., Khodier, C, 
Inoyama, D., Beamer, L.J., Emge, T.J. et al. (2013) Discovery of a 
small-molecule inhibitor and cellular probe of Keap1-Nrf2 
protein-protein interaction. Bioorg. Med. Chem. Lett. 23, 3039-3043 



Received 5 September 2013 
doi:10.1042/BST20130215 



©201 3 The Author(s) 



The author(s) has paid for this article to be freely available under the terms of the Creative Commons Attribution Licence (CC-BY) (http://creativecommons.Org/licenses/by/3.0/) 
which permits unrestricted use, distribution and reproduction in any medium, provided the original work is properly cited. 



